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Abstract: Cold seeps, where seepage of hydrocarbon-rich fluids occurs in the sea floor, are sites that harbor 
highly specialized ecosystems associated with distinctive carbonate sediments. Although their Mesozoic record 
is scarce and patchy, it commonly includes dimerelloid rhynchonellide brachiopods. Here we report a 
monospecific assemblage of Anarhynchia from a limestone boulder of early Pliensbachian (Early Jurassic) age 
in the Inklin Formation of the Whitehorse Trough in the Stikine terrane, from a locality at Atlin Lake in 
northern British Columbia. Specimens are among the largest known Mesozoic brachiopods, up to 9 cm in 
length, and described here as Anarhynchia smithi n. sp. Early precipitated carbonate cement phases of the 
limestone have carbon isotopic composition highly depleted in 13C, indicative of the influence of microbial 
oxidation of methane derived from a cold seep. Carbonate petrography of the banded-fibrous cement and 
other characteristic components supports this paleoenvironmental inference. Volcanogenic detrital grains in 
the matrix are indistinguishable from those in the sandstone layers in the siliciclastic sequence, suggesting that 
the seep carbonate is broadly coeval with the enclosing conglomerate. The new record extends the geographic 
range and species-level diversity of the genus, but supports its endemism to the East Pacific and membership 
in chemosynthesis-based ecosystems. The distribution of three distinct but congeneric species suggests that 
allopatric speciation occurred at separate sites along the active margin of western North America and 
Anarhynchia was restricted to seep and vent habitats in the Early Jurassic. 
 
Introduction 
Cold seeps are sites where seepage of methane and (or) other hydrocarbon-rich fluids and hydrogen sulfide 
emanates from the sea floor. Their geological record contains fossils representative of 
highly specialized ecosystems associated with distinctive carbonate sediments (Flügel 2010; Kiel 2010a; Joseph 
et al. 2013). Their record is scarce and patchy, yet it provides crucial clues to reconstruct the evolution of 
several unrelated groups that were adapted to this peculiar environment and constitute the members of their 
chemosynthesis-based communities. The fossil biota of cold seeps consists of sedentary benthic organisms, 
mostly mollusks, tube worms, and brachiopods (Campbell 2006; Kiel 2010a,2010b). Their hallmarks typically 
include brachiopods of unusually large size of individuals and monospecific or oligospecific composition of as- 
semblages (Sandy 2010). The unusual depositional setting is alsoindicated by the enclosing sediment, often 
dominated by fluidseepage-derived material such as authigenic carbonate and (or)sulfide minerals (Flügel 
2010). The membership of skeletonized metazoans in cold seep related biotas varies throughout the 
Phanerozoic. Brachiopods form the most common group in the late Paleozoic – Early Cretaceous cold seep 
assemblages (Campbell and Bottjer 1995), exclusively containing members of the rhynchonellide superfamily 
Dimerelloidea (Sandy 2010). 
 
In this study, we report a monospecific brachiopod occurrence  from a boulder-sized limestone clast found in 
the Atlin Lake area, British Columbia. The unusual mode of appearance together with the surprisingly large size 
of the brachiopods raised suspicion about the peculiarity of the fossils. The original identification of the fossils 
as Halorella is now corrected, as serial sections help assign them to the genus Anarhynchia. Morphological 
differences from previously described forms warrant the introduction of a new species. The aim of 
paleoecological analysis from the new occurrence of this genus, complemented with results of carbonate 
petrography and stable isotope geochemistry, is to provide independent lines of evidence to assess its cold 
seep affinity. We contribute to the debate whether the genus is an obligate or facultative, opportunistic 
member of chemosynthesis-based communities. Cold seeps preferentially occur at tectonically active margins, 
and western North America preserves a long geological history of a convergent margin. However, Mesozoic 
cold seep occurrences have so far only been known from California and Oregon, but not from the Canadian 
Cordillera; hence, our new record from northern British Columbia helps fill a gap. Given that the record of cold 
seep biota is inherently patchy both spatially and temporally, each new occurrence is significant for the 
growing database of these peculiar fossil assemblages and provides new insights to the mode of adaptation, 
community structure, and evolutionary relationships of seep dwellers (Kiel et al. 2014). 
 
Geological setting 
 
The fossil locality that yielded the brachiopods reported here lies on the eastern shore of Copper Island within 
Atlin Lake (Fig. 1) in northwestern British Columbia, Canada. Copper Island is located in the southern part of 
the lake, which is the largest natural lake in the province, with its northern tip extending into the Yukon 
Territory. Bedrock geology of this part of the Atlin Lake area is characteristic of the northern segment of the 
Whitehorse Trough, an elongated early Mesozoic marine sedimentary basin. The northwest–southeast 
trending Whitehorse Trough is regarded as an arc-marginal depocenter next to the east-facing Stikine 
magmatic arc comprising the Upper Triassic Stuhini Group and the Lower to Middle Jurassic Hazelton Group or 
the broadly coeval, stratigraphically equivalent Laberge Group to the north, which together form a major 
component of the Stikine terrane, the largest tectonostratigraphic terrane in the Canadian Cordillera (Monger 
and Price 2002) (Fig. 1A). The Whitehorse Trough was affected by shortening and tectonic imbrication as a 
thrust and fold belt developed during the accretionary history of the Cordilleran orogen. Southwest vergent 
thrusts of mid-Jurassic age include the King Salmon Fault to the west and the Nahlin Fault to the east of the 
fossil locality; the latter represents the terrane boundary juxtaposing volcano sedimentary arc assemblages of 
Stikine terrane to oceanic assemblages of the Cache Creek terrane (Monger et al. 1991) (Fig. 1B). Stratigraphy 
of the northern Whitehorse Trough is dominated by the Lower to Middle Jurassic (Sinemurian to Aalenian) 
siliciclastic sequences of the Laberge Group (English et al. 2005). Transport of arc-derived sediment from the 
west resulted in deposition of coarser-grained conglomerates (Takwahoni Formation) in proximal settings and 
generally finer-grained rocks of the Inklin Formation in more distal setting in the forearc basin characterized by 
coalescing submarine fan systems (Johannson et al. 1997). The brachiopods were found in the Inklin 
Formation, which is faulted against Upper Triassic rocks on Copper Island and the southern Atlin Lake area, 
where the proximal facies is tectonically missing (Wight et al. 2004). The Inklin Formation here is Sinemurian to 
late Pliensbachian in age and may reach up to 3500–4000 m in thickness (Johannson et al. 1997). The 
brachiopods occur in a boulder-sized clast at GSC locality No. C-203329 (Universal Transverse Mercator (UTM) 
grid coordinates: 560 350 m east, 6 572 875 m north; National Topographic System (NTS) 1:50 000 map sheet 
104N/05), where associated fine-grained layers yielded Metaderoceras cf. evolutum, an ammonoid indicative 
of the lower Pliensbachian Imlayi and Whiteavesi zones (Johannson et al. 1997) of the North American regional 
biostratigraphic scheme (Smith et al. 1988). The lower Pliensbachian part of the Inklin Formation is up to 
1500–2000 m in thickness. Conglomerate interbeds are volumetrically minor and contain mostly volcanic 
clasts, recording rapid basin subsidence and coeval growth of the volcanic arc (Johannson et al. 1997). At the 
brachiopod locality, pebble counts reveal a subordinate siliciclastic sedimentary component (8%) and 
extremely rare limestone clasts that represent only 1% of the total. Johannson et al. (1997) suggest an 
intraformational origin of the siliciclastic sedimentary clasts, in sharp contrast to the underlying Sinemurian 
conglomerate beds that contain abundant clasts of the Upper Triassic Sinwa Limestone Formation. Johannson 
(1994) not only noted the rarity of limestone clasts, but also comments on the peculiar fossil content of the 
dark grey skeletal rudstone embedded in a conglomerate layer. Detailed geological mapping confirmed the 
predominance of finer-grained lithologies, mostly sandstone and siltstone within the Inklin Formation exposed 
on Copper Island (Wight et al. 2004; Fig. 1C). The depositional setting there comprises predominantly mid-fan 
facies with relatively minor lower fan to fan-fringe deposits. The conglomerate unit is unusual for its atypical 
thickness and coarse clast size for the Inklin succession at Atlin Lake, particularly for lower Pliensbachian 
conglomerate there, which is strongly dominated by pebble-grade conglomerate (Johannson 1994). The unit 
comprises a 21 m thick layer of inverse to normally graded pebble–cobble conglomerate with a modal clast 
size of 8.4 cm and an average maximum clast size of 29.6 cm: boulders were a minor component and typically 
small, rarely exceeding 35 cm (Fig. 2).The brachiopod-bearing boulder was among the largest of the 
conglomerate boulders, with approximate dimensions of 35 cm × 25 cm × 20 cm (Fig. 3), and was the only 
carbonate lithology present. The same degree of rounding and sphericity is not evident in this limestone 
boulder when compared with the typical coarse conglomerate clasts (Figs. 2B, 3A) and suggests a markedly 
different and shorter transport history, in view of its relative lack of hardness and greater susceptibility to 
mechanical abrasion. Apart from fossil evidence, the age of the brachiopod boulder can also be constrained by 
its constituent detrital grain component, which is representative of the modal mineralogy of coeval sandstone. 
The detrital grains are of tuffaceous character; the prevalence of angular broken and whole feldspar crystals 
that predominantly consist of plagioclase, a lithic clast mode composed almost entirely of volcanic lithologies, 
and a high feldspar to quartz ratio with minor, mainly volcanic quartz are all features that illustrate a volcanic 
provenance (Fig. S12). These textural and compositional properties fit closely with petrofacies criteria for 
lower Pliensbachian sandstone in the study area, where it is defined by its distinct volcanogenic character 
(Johannson et al. 1997). The here studied brachiopod assemblage originates from an active margin setting, 
from a forearc basin controlled by tectonic activity in the vicinity of a subduction zone. Although tectonic 
models differ in reconstructing an intra-oceanic arc (Sigloch and Mihalynuk 2013), accretionary ribbon 
continent (Johnston 2008), or an arc flanking a marginal sea in proximity of ancient North America (Colpron et 
al. 2007), they all provide for deep-marine environments prone to either hydrothermal fluids or cold seeps 
emanating from synsedimentary faults. 
 
Material and methods 
The brachiopods were collected in 1992 by one of the authors (G.G.J.) during his field work for an M.Sc. thesis 
project. The sample originates from a large boulder-sized limestone clast, distinguished by its fossil content. 
Johannson (1994) noted that “this dark grey skeletal rudstone represents an in situ accumulation of 
monospecific brachiopods of unusually large size. A range of juvenile through mature forms is found in this 
close-packed brachiopod “paleonest” with some specimens attaining long dimensions in excess of 10 cm — a 
size that is unusually large for brachiopods”. In this thesis and subsequent paper (Johannson et al. 1997), the 
brachiopod was identified as Halorella sp., following a suggestion of the first author of the present study. The 
identification, proved erroneous here, was prompted by external similarity to this well-known Late Triassic 
brachiopod genus, and the possibility of the limestone clast deriving from the Upper Triassic Sinwa Formation. 
Because the uniqueness of the fossil find, unusual mode of occurrence, and large size defied simple 
explanation, all collected material was subjected to further paleontological, sedimentological, and geochemical 
study. The available material includes 11 brachiopod specimens. All are well preserved, mostly articulated 
valves of shelly specimens, although some are fragmentary. Transverse serial sections for studying the internal 
morphology were made using standard techniques (Sandy 1986). Photographed specimens were coated with 
ammonium chloride. Thin sections for carbonate petrography were studied using a Nikon Labophot2-Pol 
optical microscope. Selected thin sections were partially stained with a mixture of potassium ferricyanide and 
alizarin red dissolved in HCl. Carbonate samples were analyzed at Plymouth University for carbon and oxygen 
stable isotopes. Using 200–300 ug of carbonate, stable isotope data were generated on a VG Optima mass 
spectrometer with a Gilson autosampler. Isotope ratios were calibrated using the National Bureau of 
Standards (NBS) NBS19 standard and are given in δ notation relative to the Vienna Pee Dee  Belemnite (VPDB). 
Reproducibility was generally better than 0.1‰ for samples and standard materials. Subsamples taken for 
trace element analysis were digested in HNO3 and analyzed by inductively coupled plasma – atomic emission 
spectrometer (ICP–AES) using a PerkinElmer 3100 at Plymouth University. Based upon analysis of duplicate 
samples, reproducibility was better than ±3% of the measured concentration of each element. Repeat analyses 
of standards JLS–1 and Bureau of Analysed Samples (BCS) Certified Reference Materials (CRM) 393 were within 
2% of the certified values for Sr, Mn, Ca, and Mg and 10% for Fe. 
 
Results 
Systematic paleontology (by J. Pálfy and A. Vörös) 
The studied material is deposited with the National Invertebrate and Plant Type Fossil Collection in Ottawa, 
Ontario. The classification of Manceñido and Owen (2001) and Williams et al. (2002) is followed here. 
Phylum Brachiopoda (Dumeril 1806) 
Subphylum Rhynchonelliformea (Williams et al. 1996) 
Class Rhynchonellata (Williams et al. 1996) 
Order Rhynconellida (Kuhn 1949) 
Superfamily Dimerelloidea (Buckman 1918) 
Family Peregrinellidae (Ager 1965) 
Subfamily Pergrinelloideinae (Dagys 1968) 
Genus Anarhynchia (Ager 1968) 
REMARKS: The genus was introduced when its type species, Anarhynchia gabbi, was first described by Ager 
(1968). An externally similar rhynchonellid genus, Peregrinelloidea, was erected in the 
same year by Dagys (1968), and it was subsequently suggested that they may be synonyms, with the latter 
name having priority (Manceñido and Dagys 1992). However, further studies of the internal 
structure of A. gabbi and its comparison with serial sections of the Siberian forms clearly establish differences 
in their crura,which warrant retaining them as separate genera (Sandy 2001). 
Anarhynchia smithi n. sp.(Figs. 4–7) 
ZOOBANK LSID: XXXX. 
DIAGNOSIS: Biconvex rhynchonellide of subcircular shell outline 
and straight commissures, attaining unusually large size for its 
group. Coarsely ornamented by blunt ribs, some irregularly splitting 
into secondaries. Ventral valve with massive hinge teeth and 
no dental plates, dorsal valve with prominent cardinal process 
and no median septum. Long and ventrally curved, blade-like 
crura of submergiform to ensiform type. 
TYPES AND OTHER MATERIAL: Holotype: GSC 139295; paratypes: GSC 
139294, 139297, 139298; and seven other specimens. 
TYPE LOCALITY AND HORIZON: East shore of Copper Island, Atlin Lake, 
British Columbia, Canada; boulder-sized limestone clast in the 
Inklin Formation, Whiteavesi Zone, lower Pliensbachian, Lower 
Jurassic. 
MEASUREMENTS: See Tables 1 and S12. 
ETYMOLOGY: Named after Paul L. Smith, for his contribution to the 
Early Jurassic ammonoid paleontology and biostratigraphy of 
the Canadian Cordillera and his mentoring of students in these 
topics. 
DESCRIPTION: Biconvex shell of unusually large size (up to 90mmin  length), with subcircular outline. Lateral 
margins convex with an apical angle of 95°–100°. Width and length nearly equal, with 
largest width attained at mid-length. Ventral and dorsal valves nearly equally convex. Anterior commissure 
rectimarginate, lateral commissures straight. Beak high and straight, with welldefined 
beak ridges. Pedicle foramen mesothyrid, deltidial plates present. Both valves ornamented with strong, blunt 
ribs of rounded triangular profile. Number of ribs between 9 and 15, more numerous on large specimens. 
Ribbing irregular owing to secondary ribs of variable strength, which develop by splitting of some of central 
primaries at 2/3 to 4/5 of length on large-sized specimens. 
Internal characters (Figs. 5, 6) of ventral valve include umbonal cavity of laterally expanded oval cross section. 
No dental plates. Hinge teeth massive, vertical; denticula not present. Pedicle collar 
and deltidial plates not recorded. Dorsal valve with strong and high cardinal process, with incipient median 
groove on its top.Median septum and septalium absent. Outer socket ridges minute. 
Inner socket ridges well developed and high; supported by a massive structure emerging as double plates from 
wall of umbonal cavity of dorsal valve. Hinge plates very wide and nearly 
horizontal. Crural bases develop nearly medially and somewhat dorsally, giving rise to very long, blade-like, 
submergiform crura. Their strong curvature and pointed ends lead to near touching of ventral valve; therefore, 
they may be qualified as of ensiform type.  
 
REMARKS: The generic attribution to Anarhynchia is well supportedby the external features of biconvex shell 
of large size, subcircular outline, rectimarginate commissure, and strong ribbing, as well as the internal 
characters such as the elongate, ventrally curved,and blade-like crura. Apart from the type species A. gabbi 
known from California, a distinctly more coarsely ribbed but as yet unnamed species is reported from Oregon 
(Manceñido and Dagys 1992; Sandy 2001, 2010). The new species introduced here also differs from A. gabbi in 
its less numerous ribs, whereas its irregular ornamentation manifest in sporadic splitting into secondary ribs of 
variable strength sets it apart from both congeneric species. It is also distinguished by attaining significantly 
larger size, and the higher convexity of the shell. External morphometric distinctionamong the three species of 
Anarhynchia is summarized in Fig. 7 (see also Table S12). These graphs also demonstrate the greater 
morphological variability of the new species. Although serial sections are only available for three specimens 
(Ager 1968; Sandy 2001; Fig. 5 herein), their internal features are remarkably similar, including the 
characteristic double plates in the umbonal cavity of the dorsal valve, the new species differing mainly in its 
more prominent hinge teeth and longer submergiform, nearly ensiform crura (Figs. 5, 6). The hinge plates of 
the new species are wider than those of A. gabbi but similar to Peregrinelloidea; nevertheless, it is clearly 
distinguished from the latter genus by thepresence of double plates. A specimen tentativey assigned to 
Anarhynchia is reported from South America, from the Rio Atuel area in Argentina (Manceñido and Dagys 
1992). Externally, it falls closest to A. gabbi among the three North American species(Table S12). 
 
Carbonate petrography 
The detrital grain fillings of the brachiopods comprise the volumetrically largest part of the samples (Fig. 8A), 
where these grains are embedded in a micritic matrix (matrix colour is brown to orange under 
cathodoluminescence (CL); see Fig. 9A) that also contains abundant pyrite. The detrital grains display 
moderate to moderately poor sorting; grain size is dominantly fine to coarse, with minor very fine and very 
coarse grains. Broken and whole crystal euhedra are ubiquitous; consequently, grain shape is 
predominantlyangular to very angular, with the siliciclastics exhibiting a pronounced tuffaceous character 
(Figs. 9A, S12). The modal mineralogy is composed predominantly of feldspar, with lesser lithic grains and 
minor quartz grains (Fig. S12). The feldspar component is strongly dominated by plagioclase, the lithic grains 
are composed almost entirely of volcanic lithologies, and the minor quartz grains appear to be of mostly 
volcanic derivation.A banded-fibrous cement phase is identified as early cement, which is almost exclusively 
developed as isopachous layers of a thickness of c. 1.5 mm (Fig. 8A). This type of cement most commonly 
occurs within the brachiopod shells, but occasionally it also lines cavities, or in rare cases it develops on the 
shells or surrounds shell fragment (Fig. 8B). The staining reveals that the banded-fibrous cement is composed 
of calcite, although it is not homogenous and was subject to recrystallization to varying degrees. Rarely, 
micrite with abundant pyrite envelopes the shell or the  banded cement in a thickness of 200–250 m (Fig. 8A). 
In some cavities, the earliest cement phase is followed by two other phases(Fig. 8C). The older of these is 
brownish in colour, shows undulose extinction similar to the banded-fibrous cement, but their crystal habit is 
different. The younger phase consists of equant calcite cement. After staining, the purple or blue colour of the 
originally brownish cement points to elevated Fe content (Fig. 8D). In some cases, the cavities are filled with 
only this cement generation inside a thin calcite rim. Apart from these types of cavity filling, yellow calcite was 
also observed in some vugs (Fig. 8E). An additional important constituent is the micrite with abundant detrital 
grains, quartz, and plant fragments. It often forms intraclasts of different shapes (Fig. 8F) that are most 
commonly rounded and 300–400 m in diameter. In the vicinity of intraclasts, the same material forms small 
(50 min diameter) micrite clots (Fig. 8G). These components occur in separate areas, radially surrounded by 
calcite spar and bordered by banded-fibrous cement (Fig. 8G). Under CL, an area composed of recrystallized 
pyrite-rich micrite shows bright orange luminescence (Fig. 9D). Although in some cases rounded, sack-shaped 
traces of boring occur in the cement adjacent to the shell, bioerosion is very rare overall and was observed in 
only one sample (Fig. 10A). Silicification is a similarly rare feature. An example of silica mineral phases is that 
grown within a brachiopod shell after the early cement precipitation and sediment filling. This phase is 
overgrown by quartz crystals (Fig. 8H). Fossils other than brachiopods were observed only in one case, in the 
form of a thin bivalve shell (Fig. 10B). 
 
Stable isotope and elemental geochemistry 
The isotopic composition of the carefully drilled, component specific samples falls into four clusters on the 
basis of their δ13C and δ18O values. Notably, these clusters closely correspond to the 
different components distinguished by carbonate petrography (Table S22; Fig. 11). The banded-fibrous cement 
phase yielded the most negative δ13C values in the range of −39.8‰ to −14.8‰ (disregarding 
a single outlier). The matrix is the second most δ13C depleted component, with values between −16.6‰ and 
−4.3‰, and their δ18O values are also quite negative, similar to the late diagenetic phases. These later phases, 
the equant calcite spar and the ferroan calcite, fall into the same cluster, as they are characterized 
with δ18O values around −14‰ and only slightly depleted δ13C, in the range of −6.8‰ to 0.2‰. The measured 
brachiopod shell samples form a distinct group with the least negative δ13C (−5.2‰ to 0.7‰) and δ18O 
(−7.3‰ to −4.2‰) values. The Mg, Fe, and Mn content measured on selected samples (Table S32) did not 
reveal any excessive overprint by post-diagenetic fluid mobilization; therefore, the stable isotope values are 
interpreted as reflecting primary as well as early and late diagenetic processes. 
 
Discussion 
Anarhynchia as a seep-related brachiopod The brachiopod Anarhynchia has been shown to occur in habitats 
at cold seeps and hydrothermal vents in California and Oregon (Sandy 1995, 2001; Little et al. 1999, 2004), and 
is unique in occupying both environments that harbor chemosynthesis-based communities (Sandy 2010). Our 
new record of Anarhynchia extends the known geographic distribution of the genus and sheds new 
light on some aspects of its taxonomy and paleoecology. The studied assemblage satisfies the criteria of 
chemosynthesis based communities proposed by Sandy (2010): it is of low diversity (in fact monospecific with 
respect to brachiopods), and contains large individuals. The tight packing of individuals together with 
the size distribution of shells in the boulder suggests preservation of an in situ community, including a range of 
ontogenetic states from juveniles to adults (Fig. 3). Although Lower Jurassic, and specifically Pliensbachian, 
fossiliferous rocks have been intensively studied in the Canadian Cordillera (Smith et al. 1988), brachiopods are 
relatively rare (Sandy 2001). The active margin setting may not have favored the brachiopods’ 
inclusion in shallow-marine benthic communities, where bivalves were clearly much more abundant (Aberhan 
1998). The patchy distribution of Anarhynchia, with the here described occurrence complementing its record 
from California and Oregon, hints at a highly specialized mode of life; indeed it is in agreement with its 
proposed affinity to cold seep and hydrothermal vent habitats (Sandy 1995, 2001, 2010; Little et al. 1999, 
2004). The new species Anarhynchia smithi, and the demonstration of its distinctness from A. gabbi and the as 
yet unnamed species from Oregon, establishes the genus as the oldest one among the proposed seep and 
vent-associated brachiopod genera to include three separate species. As all three species are close in their 
Early Jurassic age range (Pliensbachian, and possibly Sinemurian), it is reasonable to propose that larval 
hopping allowed for dispersal among scattered cold seep and hydrothermal vent sites along the East Pacific  
margin, the specific adaptation permitted successful colonization, and allopatric speciation took place. (A 
notable Cretaceous example of a similarly seep-related dimerelloid brachiopod genus with multiple species is 
Peregrinella (Sandy and Peckmann 2016)). The new species A. smithi shows the greatest morphologic 
variability among the three congeneric species, including the range of its shape, convexity, and the irregularity 
of its secondary ribbing. Such morphological plasticity may be an ecophenotypic expression inherent in the 
adaptation to the highly specialized and localized seep environment. Crowding of specimens at seep sites may 
have been an additional factor that led to morphologic variability, as noted for Sulcirostra, another seep-
related Early Jurassic dimerelloid brachiopod with a western North American occurrence in the Sinemurian of 
eastern Oregon (Peckmann et al. 2013). Although it cannot be conclusive, our new record strengthens the case 
that Anarhynchia may be an obligate seep or vent dweller, exclusively adapted to chemosynthesis-based 
ecosystems (Sandy 2010). The giant size of adult individuals ranks the new speciesamong the largest known 
Mesozoic brachiopods, together with other seep-associated forms such as the Late Triassic Halorella and Early 
Cretaceous Peregrinella (Sandy 2010). Its growth may have been facilitated by harboring bacterial 
chemosymbionts, although at present that remains speculative. The fact that only a single bivalve shell was 
observed in thin section (Fig. 10B) provides further evidence that Mesozoic chemosynthesis-based 
communities were strongly dominated by rhynchonellids before the Late Cretaceous (Kiel and Peckmann 
2008). The key group is dimerelloids, where Anarhynchia also belongs. As its internal structures are best 
documented from the new serial sections, it will help assessments of debated evolutionary relationships 
(Gischler et al. 2003) and the question of monophyly (Sandy 2010) within the group. 
 
Petrographic evidence for cold seep-related carbonate  
Carbonate petrography provides additional evidence for the cold seep-related habitat of the 
brachiopods, as several hallmarks of seep-related carbonates are best identified by petrography. One typical, 
albeit in itself not exclusively characteristic feature of ancient and modern seep-related limestones is the 
occurrence of fibrous cement, which forms isopachous, commonly banded rims and (or) shows botryoidal 
habit (Campbell et al. 2002; Buggisch and Krumm 2005; Teichert et al. 2005; Peckmann et al. 2007, 2011; Kiel 
and Peckmann 2008; Miyajima et al. 2016). In our samples, only the isopachous, banded type was identified. 
Staining revealed that this early cement generation is composed of calcite. However, because in some of our 
samples recrystallization was observed, and this type of cement consists of aragonite in modern (Teichert et al. 
2005) and relatively young, Late Eocene (Goedert et al. 2003) and Late Miocene (Miyajima et al. 2016) seep 
carbonates, it is possible that the cement in our samples may also have had an aragonitic precursor. From 
botryoidal cement of geologically older seep carbonates, high Sr content and textural characteristics 
were suggested as possible indicators of a previous aragonite phase (Peckmann et al. 2001a, 2007; Buggisch 
and Krumm 2005). Aragonite botryoids were reported from one remarkable Jurassic occurrence (Peckmann et 
al. 1999). The non-luminescent character of the fibrous calcite was documented by Campbell et al. (2002) and 
Buggisch and Krumm (2005) as well. Based on elemental geochemistry of the cement phases, Buggisch 
and Krumm (2005) suggested that the isopachous and botryoidal calcite was previously aragonite and that the 
low Mn content of the original aragonite is in agreement with the absence of luminescence. 
Additional observations, such as the layered composition of cements and micrite, and the abundant pyrite 
content, are also in agreement with the inferred seep environment (Flügel 2010). Pyrite is thought to be 
present in high abundance because sulfate driven anaerobic oxidation of methane is the governing process of 
carbonate precipitation at cold seeps (Peckmann et al. 1999). These features, i.e., the presence of the banded-
fibrous cement and abundant pyrite, although often described from seep carbonates, are clearly not restricted 
to this facies, hence the importance of stable isotope geochemistry in supplying additional evidence. 
Regarding the microfacies, the most reliable component indicative of the origin of seep limestones is the 
yellow calcite, although different theories have been proposed about its origin. According to Beauchamp and 
Savard (1992), it develops as a cement phase in pore space, whereas Peckmann et al. (2003) and Birgel et al. 
(2006) postulate that it replaces aragonite cement, and Campbell et al. 
(2002) suggest that it replaces previous micrite because in their samples the crystals tend to grow from 
corroded micrite. For our thin sections, where yellow calcite occurs exclusively in vugs, only 
one of the first two explanations is reasonable. The position of the yellow calcite in the diagenetic sequence 
remains undetermined in our sample, as there is no other carbonate phase in these cavities. Micrite or 
microcrystalline carbonate containing pyrite, organic material (such as plant fragments in our samples), and 
sand sized grains are often recognized in seep limestones (e.g., Goedert et al. 2003; Birgel et al. 2006; Joseph 
et al. 2013; Miyajima et al. 2016). Although only three stable isotope measurements were obtained 
in this matrix, it is obvious that they tend to show more enriched values than the early banded-fibrous cement 
phase, but are more depleted than the equant calcite spar of late diagenetic origin. At some places, the micrite 
shows clotted texture, which based on recent occurrences in the Black Sea, is considered as a 
primary feature related to the carbonate-forming biogeochemical processes (Peckmann et al. 2002). In other 
areas, the micrite forms rounded, peloidal-shaped or more angular intraclasts. Their occurrence 
in the vicinity of banded-fibrous cement suggests a genetic relationship with fluid flow. The micrite shows 
orange luminescence as also described by Campbell et al. (2002); they also related this phase to fluid seepage. 
Fibrous microcrystalline silica followed by precipitation of euhedral quartz crystals are not unfamiliar features 
in seep limestones. Based on the observed paragenetic sequence, Kuechler et al. (2012) identified a possible 
pathway of silicification, and later Smrzka et al. (2015) tested their hypothesis using the computer program 
PHREEQC. According to these studies, an increase in pH due to the anaerobic oxidation of methane would lead 
to dissolution of silica phases, e.g., radiolarian tests. Subsequently, after the anaerobic oxidation of methane, 
the pH decreases, and it creates conditions favorable to precipitation of silica. However, the genesis 
of this mineral phase in our samples needs to be explained in another way, as neither the carbonate nor the 
enclosing sediment contains siliceous microfossils. It can be interpreted in the context of the regionally typical 
diagenetic alteration. This diagenetic relationship is consistent with regional paragenesis for volcaniclastic 
sandstone (Galloway 1974, 1979; Surdam and Boles 1979; Lee 1992) in general, and the Inklin Formation in the 
study area in particular, where two phases of silica precipitation were documented in sandstone (Johannson 
1994). In a generalized diagenetic sequence for these sediments in active margin setting, the 
siliceous overgrowths are mostly among the latest phases, as it was also observed in the Inklin Formation. 
Some degree of porosity and permeability should be inherent in the limestone boulder post-lithification and 
the source of the silica would then be derived from the same source as the enclosing sediments. 
The rarity of bioerosion, and the sometimes sack-shaped borings, which may be caused by fungi, are in 
agreement with a deep-water setting. These characteristics alone would not allow unambiguous 
determination of the depositional setting, but are in line with the inferences based on the field observations. 
The outsized nature of the carbonate boulder together with its poorly developed rounding relative to the 
other clasts are strongly suggestive of a short transport history that would be consistent with entrainment 
from a seep limestone mound in a deep-water setting during a high-density sediment gravity flow event. 
Isotope geochemical evidence for cold seep origin Stable isotope geochemistry can yield another crucial, 
independent line of evidence for the habitat of brachiopods, as carbonate mineral phases constituting cold 
seep-related limestone inherit the 13C-depleted isotopic composition of the parent fluid containing 
hydrocarbons. Thus, their stable isotopic composition, primarily their δ13C value, is a valuable tracer of the 
components formed in the environments of fluid seepage. Biogenic and thermogenic methane as well as 
longer-chain hydrocarbons differ in their typical stable isotope signatures (Campbell 2006). Commonly, 
however, the seep carbonates do not record such negative values as these fluids because they become mixed 
with less depleted carbon derived from seawater or from degradation of organic 
matter (Campbell 2006; Peckmann et al. 2009, 2011). This mixing can lead to large deviation from the original 
values, depending on the flow rates and the diffusive or advective nature of the seepage. Peckmann et al. 
(2009) verified the methane content of the fluids using biomarkers in carbonates with only moderately 
negative δ13C values of 14‰. Many studies documented highly to moderately depleted carbonate 
carbon isotopic signatures for the banded-fibrous and banded-botryoidal cement phases (e.g., Campbell et al. 
2002; Birgel et al. 2006; Hryniewicz et al. 2016; Miyajima et al. 2016; Kiel et al. 2017). Similar, very negative 
δ13C values recorded in this cement phase of our samples provide evidence for a genetic relationship 
to methane-bearing seepage even without biomarker data. Isotope values as low as −39.8‰ cannot be 
explained by any process other than mixing biogenic methane with less depleted sources. Our results, in the 
range of −37.6‰ to −25.9‰, closely match those published by Peckmann et al. (1999, 2001b) (−34.8‰ 
to −27‰) (Fig. 11), which could support the role of methane oxidation by additional biomarker studies.  
The δ13C values measured in the matrix of our samples, although less depleted than those of the early 
diagenetic banded fibrous cement phase, are nevertheless negative enough to confidently relate their origin to 
seep hydrocarbons. Several studies report similar isotopic offset between the matrix and the 
banded-fibrous cement phase (e.g., Peckmann et al. 2001a; Kiel et al. 2017) (Fig. 11). Campbell et al. (2002) 
proposed an evolutionary trend of the phases and their δ13C and δ18O values, suggesting that micrite forms in 
the early stage of the seepage, followed by yellow calcite and subsequent precipitation of the fibrous calcite 
phase. This sequence leads to a shift towards more depleted δ13C values and parallel enrichment in δ18O. Both 
stable isotopes in our samples fit well into this trend, providing explanation for the different degrees of 
depletion observed. Campbell et al. (2002) also established that the equant, blocky calcite spar represents a 
late diagenetic component, characterized by higher δ13C and lower δ18O than the previous phase, commonly 
exhibiting the lowest δ18O values. In our samples, the oxygen isotopic values of the late diagenetic phases (i.e., 
equant spar and ferroan calcite) overlap with those of the micrite, but still show the same trend when 
comparing with the early cement phase. δ18O values as negative as −14‰ indicate a late burial phase, whereas 
the moderately negative δ13C values of −7‰ can also be interpreted to reflect the influence of diagenetic 
fluids. Other studies reported this phase to show extremely negative δ13C values of −38‰ (Campbell et al. 
2002), which was hypothesized to indicate either a long-lived seepage (Peckmann et al. 2011) or thermal 
decarboxylation of organic matter (Peckmann et al. 2001a). A comparison of the δ13C values obtained from 
our brachiopod shell material reveals that they are either slightly lighter than or similar to those derived from 
shell calcite of Late Triassic or Jurassic brachiopods from typical marine environments (e.g., Veizer et al. 1999; 
Korte et al. 2005), suggesting near equilibrium with the contemporaneous seawater. Paull et al. (1985, 1989) 
and Rio et al. (1992) studied bivalves from modern habitats around hydrothermal vents, containing different 
chemosynthetic symbionts. The first two groups of bivalves harbored methane-oxidizing bacteria, whereas the 
third group contained sulfide-oxidizing bacteria. The soft tissue of mussels with sulfide-oxidizing symbionts is 
characterized by δ13C values between −35‰ and −30‰, whereas those with methane-oxidizing symbionts 
yielded even lower values, as negative as −80‰. However, the shell of neither groups recorded a significantly 
depleted signature. Bivalve shells with sulfide-oxidizing bacteria exhibit positive values (2‰ to 4.7‰), whereas 
those with methane-oxidizing bacteria yielded slightly negative values (−8‰ to 3‰). These and subsequent 
studies of modern organisms (Lietard and Pierre 2009) suggest that even if there is some relationship between 
the shell and soft part in chemosymbiotic mussels, their shell calcite does not record the depleted isotopic 
signature of the hydrocarbons, unlike the cement phases. During secretion of shell calcite, the diluting effect of 
ambient seawater likely suppresses the preservation of isotopic composition of seep-derived hydrocarbons. 
Measured values in shell material from our samples are in agreement with published δ13C data on bivalve and 
brachiopod shells from other seep related carbonate occurrences, which all fall in a narrow range between 
−5.7‰ and 2.2‰ (e.g., Kiel and Peckmann 2008; Sandy et al. 2012). Taken together, the stable isotope 
characteristics of different carbonate phases analyzed are interpreted as a variable record of microbial 
oxidation of methane, thus providing independent support for the inferences from paleontology and 
carbonate petrography. The geochemical signature of the carbonate components and brachiopod shell 
material is in accordance with other confirmed cold seep-related occurrences. 
 
Conclusions 
The serendipitous discovery of a fossiliferous limestone boulder within a conglomerate bed in the Lower 
Jurassic Inklin Formation at Atlin Lake precipitated a multidisciplinary study to interpret the origin and 
significance of this peculiar fossil accumulation. The key findings are as follows. The monospecific assemblage 
of rhynchonellid brachiopods, including large-sized specimens, consists of a new species, described  
here as Anarhynchia smithi n. sp. Serial sections reveal an internal morphology, notably with prominent, long, 
blade-like and ventrally curved crura, which allows unambiguous generic assignment of the new species. 
Anarhynchia has been previously known from California and Oregon, with another tentative record 
from Argentina. The new record extends its patchy geographic distribution and supports that the genus is 
restricted to the East Pacific margin. The conglomerate is early Pliensbachian in age on the basis of ammonoid 
biostratigraphy of adjacent finer-grained strata within the Inklin Formation, and similarity of detrital grains 
within the limestone matrix to volcanogenic sandstones in the formation argues for near-coeval genesis of 
limestone. Sedimentological characteristics together with rare bioerosion features suggest a deep-water 
setting. Because Anarhynchia was previously demonstrated to be restricted to cold seep and hydrothermal 
vent sites, petrographic and isotope geochemical analyses were conducted to establish if this also applies to its 
new occurrence. The limestone exhibits a characteristic paragenesis of early and late diagenetic components, 
including banded-fibrous calcite cement, ferroan calcite, and equant calcite spar, observed within the 
brachiopod shells and vugs together with a micrite matrix. Staining revealed that the banded-fibrous cement 
phase consists of calcite, with a luminescence pattern indicative of recrystallization possibly from an aragonitic 
precursor, as suggested by analogous Cenozoic and modern occurrences. These phases commonly form at cold 
seeps, and the occurrence of yellow calcite is another distinctive and diagnostic feature. The presence of 
abundant pyrite embedded in micrite matrix is likely derived from sulfate reduction, also in line with the 
inferred origin as seep limestone. Results of component-specific stable isotope analyses fully agree with earlier 
similar studies on seep-related limestones and brachiopods. Derived from bacterial oxidation of methane and 
other hydrocarbons and mixed with less negative carbon sources, the most depleted δ13C values, down to 
−39.8‰, were measured on the banded-fibrous early cement phase. Subsequently precipitated phases show 
gradually less negative δ13C values. The matrix also bears the isotopic signature of hydrocarbon-related origin, 
but the ferroan calcite and equant spar were influenced by diagenetic fluids, as evidenced by their more 
negative δ18O values. The least negative carbon isotopic composition is found in brachiopod shell material, 
indicating effective mixing of seep fluids with ambient seawater. These findings strongly support that 
Anarhynchia is a member of chemosynthesis-based fossil communities. With its length of up to 9 cm, the new 
species ranks among the largest known Mesozoic brachiopods. Speculation that its giant size owes to 
harboring chemosymbionts calls for further studies to provide direct evidence. Anarhynchia was cited as a 
unique example of a genus with affinity to both cold seep and hydrothermal vent. With the demonstration of 
three separate and distinctive species, it also serves as an example of allopatric speciation among nearly coeval 
but geographically scattered seep and vent sites along the active margin of western North America. This study 
adds to a growing database of Mesozoic cold seep biota and provides evidence that prior to the Late 
Cretaceous, it was strongly dominated by dimerelloid brachiopods. 
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Fig. 1. Location map and geologic context of the occurrence of Anarhynchia smithi n. sp. (A) Schematic distribution of the major 
tectonostratigraphic terranes (CC, Cache Creek; QN, Quesnel; ST, Stikine; YT, Yukon–Tanana) in the Intermontane Belt of the Canadian 
Cordillera (after Colpron et al. 2007). Rectangle marks the area shown in panel B. (B) Regional geological setting of the main 
tectonostratigraphic units in the southern Atlin Lake area (after Johannson et al. 1997). Rectangle marks the area shown in panel C. (C) 
Simplified geological map of Copper Island, Atlin Lake (after Wight et al. 2004), showing the brachiopod locality and adjacent ammonite 
localities of different Pliensbachian ammonite zones (after Johannson 1994). 
 
 
 
 
  
 
Fig. 2. Outcrop and host rock of the Anarhynchia-bearing boulder. 
(A) View of outcrop of conglomerate beds in the Inklin Formation in 
Copper Island at Atlin Lake. Note circled hammer for scale. (B) Coarse 
pebble–cobble conglomerate with sparse boulders showing typical 
range of clast size, shape, and distribution. The large outsized boulder 
in center of photo is of the same approximate size as the Anarhynchiabearing 
boulder. 
 
  
Fig. 3. Anarhynchia-bearing boulder displaying range of juvenile 
and mature forms indicative of an in situ accumulation. The 
well-developed rounding and sphericity of other conglomerate clasts 
are not evident on boulder surfaces. (A) View of weathered surface 
of boulder. (B) Drawing of Anarhynchia shells and fragments within 
the boulder. 
 
 
  
Fig. 4. Anarhynchia smithi n. sp. All figures are natural size; scale bar is 1 cm. GSC locality No. C-203329, Copper Island in Atlin Lake, B.C., 
lower Pliensbachian. Specimens are identified with Geological Survey of Canada type numbers. 1. GSC 139294, paratype, serially sectioned 
specimen: 1a, dorsal view; 1b, ventral view; 1c, lateral view. 2. GSC 139295, holotype: 2a, dorsal view; 2b, ventral view; 2c, anterior view; 
2d, lateral view. 3. GSC 139296, dorsal view. 4. GSC 139297, paratype: 4a, ventral view; 4b, dorsal view of fragmentary valve and beak. 5. 
GSC 139298, paratype: 5a, dorsal view; 5b, ventral view. 6. GSC 139299: 6a, ventral view; 6b, dorsal view of beak. 7. GSC 139300, ventral 
view. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Transverse serial sections of a paratype specimen (GSC 139294) of Anarhynchia smithi n. sp. See text for description. 
 
 
 
 
Fig. 6. Reconstruction of the crura of Anarhynchia smithi n. sp., on 
the basis of serial sections. Note submergiform habit with end of 
blades approaching the ventral valve, hence also resembling 
ensiform type. See text for discussion. 
 
 
 
Fig. 7. Comparison of morphometric data of Anarhynchia smithi n. 
sp. (solid squares, magenta in colour) with other North American 
species in the genus. Anarhynchia gabbi is marked by solid blue 
triangles, whereas solid blue circles indicate A. cf. gabbi specimens 
from the hydrothermal vent deposit of Little et al. (1999, 2004). A yet 
unnamed third species from Oregon, A. sp., is denoted by brown 
unfilled squares. Convex hulls show minimal or no overlap between 
species. Source data and references are listed in Table S1.2 (A) Graph 
showing number of primary ribs versus length of shell. (B) Graph 
showing convexity (ratio of thickness and average of length and 
width) versus width/length ratio (T/[(L + W)/2] versus W/L).  
 
 
 
  
Fig. 8. Photomicrographs illustrating characteristic petrographic features of Anarhynchia shells and their filling. All scale bars 600 _m. 
(A) Quartz-, feldspar-, and pyrite-rich filling of the brachiopod shell. Banded-fibrous cement (bfc) developed as isopachous layer, and 
subsequently formed dark micrite with abundant pyrite. Plane-polarized light. (B) Brachiopod shell fragments (sh) surrounded by 
isopachous fibrous cement phase (bfc) and equant calcite spar (ec). Cross-polarized light. (C) Paragenetic sequence of cements. Banded-
fibrous cement (bfc) is the earliest phase, followed by ferroan calcite (fc) and equant calcite spar (ec). Plane-polarized light. (D) Same three 
cement phases as in (C) after staining. Note the purple colour of the originally brownish cement due to its Fe content. (E) Cavity filled by 
yellow calcite (yc). Plane-polarized light. (F) Micrite with abundant detrital grains, quartz, and plant fragments, forming intraclasts (ic) of 
commonly, but not exclusively, rounded shapes. Cross-polarized light. (G) Detrital-rich micrite formed beside rounded clasts of micrite 
clots, which are surrounded by calcite. Areas containing numerous clasts and clots are bordered by banded-fibrous cement (bfc). Plane-
polarized light. (H) Fibrous microcrystalline silica (fms) grown inside a brachiopod shell and overgrown by quartz crystals (q). Cross-
polarized light 
 
  
Photomicrographs illustrating characteristic petrographic features in cathodoluminescence (CL). All scale bars 500 _m. (A) Matrix 
containing abundant angular mineral grains showing brown to orange luminescence. (B) Same cement phases as in Figs. 8C and 8D under 
CL. The banded-fibrous cement (bfc) is nonluminescent. The cement phase containing some Fe (fc) shows different luminescence. The 
equant calcite spar (ec) shows bright luminescence. (C, D) Same phases in cross-polarized light and under CL, respectively, showing the 
recrystallized development of the banded-fibrous cement (bfc) and micrite with abundant fine detritus (m). Where the fibrous cement is 
replaced by coarser calcite crystals, the CL image is mottled with pale-orange, brown colour. The micrite with abundant pyrite shows 
bright-orange luminescence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Miscellaneous rare features observed in thin sections. All 
scale bars 600 _m. (A) Rounded and sack-shaped traces of borings. 
(B) Thin bivalve shell, surrounded by banded-fibrous cement. Note 
that contrary to the more common brachiopod shells, the bivalve 
shell lacks fibrous microstructure 
.  
 
  
Fig. 11. δ18O–δ13C cross plot of measured component-specific stable isotope ratios and their comparison with published data on 
fossiliferous cold seep carbonates from other localities. Reference data sources: a, Peckmann et al. (1999); b, Peckmann et al. (2001a); c, 
Peckmann et al. (2001b); d, Campbell et al. (2002); e, Goedert et al. (2003); f, Birgel et al. (2006); g, Peckmann et al. (2007); h, Kiel and 
Peckmann (2008); i, Peckmann et al. (2011); j, Sandy et al. (2012); k, Smrzka et al. (2015); l, Hryniewicz et al. (2016); m, Miyajima et al. 
(2016); n, Kiel et al. (2017). 
 
 
 
 
